The purpose was to evaluate the bond strength between adhesive cement and translucent zirconia in comparison to conventional zirconia. Four brands of translucent zirconia (BruxZir ® HT, Lava™ Plus, Prettau ® Anterior, and Prettau ® Zirconia) and one conventional zirconia (Kavo Everest ® ZS) were evaluated. Specimens were divided into groups depending on the pretreatment of the cementation surface of the zirconia: as-produced, hydrofluoric acid treatment, or sandblasted. The groups underwent three different procedures of artificial aging: water storage (24 h), 5,000 thermocycles, or long-term aging, (water storage 150 days including 37,500 thermocycles) before shear bond strength testing. Sandblasting treatment increased the bond strength significantly for all the brands of zirconia, irrespective of artificial aging procedures, in comparison to the control group. Bond strength between adhesive cement to translucent zirconia is equivalent to conventional zirconia. Sandblasting creates a cementation surface that is more durable than as-produced or hydrofluoric-acid-treated, irrespective of type of zirconia.
INTRODUCTION
Yttrium oxide-stabilised tetragonal zirconium dioxide polycrystals (Y-TZP), sometimes referred to as zirconia, has the greatest mechanical properties of all dental ceramics. It has been used for over a decade and has become an increasingly popular restorative material [1] [2] [3] [4] . A major drawback with the first generation of conventional zirconia is its esthetic properties. In particular, the opacity of the material has rendered it inferior to glassceramics, especially for use in anterior restorations. It has been stated that conventional zirconia achieves at most only 70% of the translucency of lithium disilicate ceramics 5, 6) . Investigations have shown that the influence of pore size and pore population on light scattering in zirconia affects the translucency. The studies stated that impurities (e.g., alumina sintering aids) with different refractive indices could reduce the translucency of zirconia. Therefore, some manufacturers have eliminated or decreased the amount of light-scattering alumina sintering aids to improve the translucency of the material 7, 8) . These materials are highly interesting to evaluate as they may provide new indications and increased use due to the improved esthetic properties. However, the changes in the compositions to the material could affect the mechanical properties of the material 9, 10) . To date, studies that analyze possible differences in strength between translucent, second generation, zirconia and conventional zirconia are rare 11) . However, there are laboratory studies that have compared these materials with glass-ceramics but further studies are needed [12] [13] [14] [15] [16] [17] . In addition to improvements in the esthetic properties of zirconia, research has focused on the possibility of bonding to zirconia 18, 19) . The possibility of predictable bonding between oxide ceramics and teeth could increase the use of these materials by broadening their indications. There is currently no universal surface treatment for zirconia, but to achieve durable bond strength, the surface needs to be treated 20) . Surface treatment of conventional zirconia with hydrofluoric acid has proven to be ineffective, as the material is less susceptible to etching compared with glass-containing ceramics 18, 21) . Studies have concluded that abrasive surface treatment such as airborne particle abrasion, i.e. sandblasting, and/or silica-coating treatment with the use of primer treatment can provide sufficient bond strength to oxide ceramics in vitro [22] [23] [24] [25] . A literature search of the PubMed database in April 2017 revealed that there are few in vitro and no in vivo studies concerning bond strength between translucent zirconia and adhesive cement 18, 26, 27) . Highstrength ceramic materials with improved translucency may provide increased indications and are becoming more commonly used. It is, therefore, of great current interest to evaluate the adhesive possibilities of these materials, i.e. bond strength between adhesive cement and translucent zirconia. Based on the literature, the following questions are addressed in this study: a) Is there any difference in the surface structure of translucent zirconia compared to conventional zirconia after surface treatment with sandblasting or hydrofluoric acid? b) Does the bond strength between adhesive cement and conventional zirconia differ from that of adhesive cement and translucent zirconia? The aims of this study were, therefore, a) to describe the surface structure of translucent zirconia after treatment with hydrofluoric acid or sandblasting and b) to evaluate the bond strength between adhesive cement and translucent zirconia and compare it to adhesive cement and conventional zirconia.
The hypotheses tested were: a) Translucent zirconia shows a rougher surface structure after sandblasting or hydrofluoric acid Table 1 . A total of 585 specimens were fabricated: blocks and cylinders of the same zirconia, which were adhesively cemented together. The specimens were divided into five groups of 117 specimens depending on the pretreatment of the cementation surface of the zirconia: as-produced and sintering (C), hydrofluoric acid treatment (HF) and sandblasting (SB). The groups underwent three different procedures of artificial aging: water storage for 24 h (1), 5,000 thermocycles (1/TC) or long-term aging, i.e., water storage for 150 days in conjunction with 37,500 thermocycles (1/TC150) Tables 2a, b. A couple of the specimens were randomly selected from each fabricator and used for surface analysis (n=54) before cementation followed by shear bond strength testing.
Manufacturing of specimens
The specimens (blocks and cylinders) were milled and sintered by dental laboratories, the BruxZir ® HT by Teknodont, Malmö, Sweden; Kavo by DentalSyd, Malmö, Sweden; Lava™ Plus, Lundbergs Tandtekniska Lab, Umeå, Sweden; and Prettau ® Anterior and Zirconia by Globaldental, Malmö, Sweden, according to each manufacturer's recommendations. The dimensions of the cylinders were 5±0.3 mm in diameter and with a height of 3±0.1 mm, and the blocks measured 10×10×10±0.1 mm. After sintering, one group of specimens was left untreated and served as a control. The specimens in the second group were treated with <5.0% hydrofluoric acid (IPS ® Ceramic Etching Gel, Ivoclar Vivadent, Schaan, Liechtenstein) for 2 min, neutralized with neutralizing powder (Neutralizing powder, Ivoclar Vivadent) for 2 min, and then rinsed thoroughly with water. The last group was sandblasted with 110 µm aluminum oxide particles (Cobra Aluoxyd, Renfert, Hilzingen, Germany) for 10 s with an air pressure of 2 bars and at a distance of 10 mm with the blasting nozzle moved gently perpendicular to the surface, then thoroughly rinsed with water.
Surface analysis
Topographical analysis was performed using IFM (MicroXAMTM, ADE, Phase Shift Technology, Tucson, AZ, USA) with MapVue software (MetaMAP, Lexington, KY, USA) to characterize the surface roughness at micrometer level. The IFM had a maximum resolution of 0.05 nm in the vertical direction and 0.3 µm in the lateral direction. The measured area of the specimens was 200×260 µm. Parametric calculations were performed after errors of form and waviness were removed using a Gaussian high pass filter (size 50×50 µm). Three specimens from each group and three measurements per specimen (n=9/group) were performed. Three parameters were selected according to proposed guidelines for biomaterial surface characterization 28) : one height descriptive, Sa (µm)=the arithmetic average height deviation from mean plane, one spatially descriptive, Sds (µm)=the density of summits, and one hybrid parameter Sdr (%)=the developed surface ratio. Descriptive 3D images were reconstructed with imaging software MountainsMap 6.2 (Digital Surf, Paris, France).
Cementation procedure
Panavia F 2.0 (Kuraray Noritake Dental, Tokyo, Japan) was used as the adhesive cement system. After the application of the cement on the cementation surface of the zirconia blocks and cylinder, a seating load of 15 N was maintained during the polymerization procedure. The excess resin was removed from the margin prior to polymerization using disposable brushes, and the cement was light-cured with a curing lamp (Heraeus Translux ® Power Blue ® , Heraeus Kulzer, Hanau, Germany). The polymerization light intensity was 1,000 mW/cm 2 and the curing time was set to 20 s for each of four directions 90° and finally 60 s in one direction with the seating load removed. Subsequently, an oxygen-blocking gel was applied for 3 min followed by thorough rinsing with water for 1 min to remove any residues of the oxygenblocking gel (Oxyguard II, Kuraray Noritake Dental). All excess cement was then removed with a surgical blade and the specimens were subsequently stored in water at room temperature (22°C) for 24 h to avoid desiccation during storage. All the cementation procedures were done by the same operator.
Artificial aging
All specimens underwent artificial aging, but different protocols were used. One group was stored in a water bath at room temperature 22°C for 24 h without thermocycling (1) to record the initial bond strength. The second group went through 5,000 cycles of thermocycling (TC/1). The specimens were cycled in two baths: one at 5°C and one at 55°C. Each cycle lasted 60:20 s in each bath and 10 s for transfer between the baths (Thermocycler 1100/1200, SD Mechatronik, Feldkirchen-Westerham, Germany). The third group was stored in water at room temperature 22°C for 150 days. During this period, 2,500 thermocycles were performed every 10 days for a total of 37,500 cycles (TC/150).
Shear bond strength
The sample size (13 specimens) of each group was chosen based on a power analysis, two-sample test with a significance level of 5% with true differences of means set at 3 MPa and with a power of 90%.
The shear bond strength was determined in a universal testing machine (Type 4465, Instron, Canton, MA, USA) with a knife-edged blade parallel to the bonded surfaces. The blocks were placed in a brass holder fixed to the testing device to maintain their position during testing. The crosshead speed was 0.5 mm/min and the Table 3 The results in detail for the three parameters (Sa, Sdr, and Sds) used in the measurement of the surfaces structure for each brand load at fracture was recorded in Newton (N). Finally, the shear bond strength (MPa) was calculated by dividing the recorded load by the area of the cementation surface measured individually in mm 2 . Mean and standard deviations for each group were calculated from the data collected.
Failure mode
The fracture surfaces were examined in a light microscope (Wild M3, Wild Heerbrugg, Heerbrugg, Switzerland) at ×6.4 magnification to classify the type of failure of the debonded area. The failure mode of the debonded areas, adhesive or cohesive, was determined according to a clean ceramic surface (free of cement remnants).
Statistical analysis
One-way ANOVA, Tukey's test was used to determine differences in bond strength within each group of zirconia, which consisted of three subgroups (C, HF, and SB) that were subjected to artificial aging.
The same type of statistical analysis was performed to determine the difference in surface roughness within each group of zirconia (consisting of three subgroups: C, HF, and SB). The level of significance was set to α=0.05. 
RESULTS

Topographical surface characterization by IFM
Surface analysis showed that sandblasting increased the surface structure for all three parameters (Sa, Sdr, and Sds) regardless of the type of zirconia. However, the results are clearer for the parameters Sa and Sdr.
Hydrofluoric acid had minimal or no effect on increasing surface structure when compared with the control group. The analysis also showed that the surface of the Kavo Everest ® ZS (KE) untreated control group was more like the structure of the sandblasted surface in comparisons with the other, translucent zirconia brands. For BruxZir ® HT (BZ) and Prettau ® Zirconia Fig. 1 Number of specimens of the various failure modes in each bonding group at artificial aging water storage 24 h. Fig. 2 Number of specimens of the various failure modes in each bonding group at artificial aging 5,000 thermocycles.
(PZ), the greatest difference in surface roughness was between the C-group and SB-group (p<0.05). The results are summarized and shown in Table 3 .
Shear bond strength
Sandblasting treatment increased the bond strength for all the brands of zirconia, irrespective of artificial aging procedures, in comparison to the C-group. This Fig. 3 Number of specimens of the various failure modes in each bonding group at artificial aging water storage 150 days in conjunction with 35,000 thermocycles.
difference was statistically significant (p<0.05). Overall, the greatest difference in bond strength between the Cand SB-groups was found in the KE-group. The results for bond strength in the TC/1 artificial aging groups showed a statistically significant (p<0.05) difference between the surface treatments, except for KE. No difference between the control group and hydrofluoric acid treated group was found. However, the values were widely distributed within the hydrofluoric acid treated Lava™ Plus (LP) group, with both high and low values at TC/1 artificial aging. Regarding artificial aging TC/150, the highest bond strength was seen for the sandblasted groups and debonding was noted for several specimens in both the C-and HF-groups. There was a statistical difference between all the surface treatments for BZ and Prettau ® Zirconia (PA). Concerning sandblasting treatment, there was no difference in bond strength between the artificial aging procedures TC/1 and TC/150, but there was a statistically significant (p<0.05) result regarding the other surface treatments. The results are summarized and shown in Table 4 . Figures 1-3 summarizes the type of failure in the debonded areas in each group. The predominant failure type for all groups was adhesive. Only a few cohesive failures were found among the groups that underwent water storage 24 h or artificial aging TC/1. There were only adhesive failures in the long-term artificial aging (TC/150).
Failure mode
DISCUSSION
Establishing a durable adhesive bond between zirconia and adhesive cement systems has been proven to be a difficult task and highly dependent on the surface treatment and the structure of zirconia 12, 20, 24) . Based on the results of the present study, the hypothesis regarding surface structure is partially accepted since there were differences in surface roughness in the sandblasted groups. The statistical analysis revealed that the treatment with sandblasting statistically increased the surface roughness on zirconia compared to the control group, and there were no differences between the conventional or translucent zirconia. A previous in vitro study 29) stated that application of a 5% hydrofluoric acid on the surface of conventional zirconia did not result in any morphologic changes in its structure or increase the surface roughness. Similar findings were noted in the present study where hydrofluoric acid treatment influenced the bond strength of the LP-group that underwent artificial aging by 5,000 thermocycles, resulting in unpredictable bond strength values. Surface treatment of zirconia with hydrofluoric acid should be avoided in the future in order not to compromise the bond strength.
In present study, the results for the KE-groups showed that the as-produced and sintered surface was more like the sandblasted surface in comparison with the other brands of zirconia. However, the mean values regarding the surface roughness for all the sandblasted groups were comparable regardless of the type of zirconia. In a recent study 30) , it was shown that the fabrication process affected the surface roughness. Therefore, differences in CAD/CAM milling procedures, such as milling tools, settings of the milling procedures, and milling environment wet or dry, could explain why the conventional zirconia in this study had a surface structure more like the sandblasted surface than the other brands, i.e. the level of abrasiveness after the milling. An additional method to increase the surface roughness is sandblasting, which also has a cleaning effect on the surface. The level of surface roughness is dependent on the air-pressure, duration, and particle size 20, 24) . The present study confirmed that sandblasting with 110 µm aluminum oxide particles with an air pressure of 2 bars increased the surface roughness regardless of the type of zirconia. According to recently published reviews, mild sandblasting, defined as up to 110 µm air abrasive particle size and 2 bars pressure, could be beneficial for increasing the flexural strength of zirconia 21, 31) . It is worth noting that severe sandblasting at a relatively high pressure (4 bars) and larger particle size (250 µm) could instead result in degradation and grain transformation of zirconia, thus reducing the strength of the oxide ceramic 21, 32) . However, the effects of sandblasting have not yet been definitively clarified regarding the influence on the strength of zirconia 20) . Therefore, it is still advisable to carefully sandblast the surface according to the manufacturer's recommendations.
The hypothesis regarding higher bond strength for translucent zirconia compared to conventional zirconia was rejected because both materials generated similar results after sandblasting treatment. The results of the present study show that the bond strength was significantly affected by sandblasting regardless of the type of zirconia, and sandblasted groups presented the highest mean values in comparison to the other surface treatments. This finding is in accordance with previous results from a study with a comparable setup 33) . The untreated zirconia surfaces presented the lowest bond strength values and several spontaneous debondings. Insufficient bond strength between untreated zirconia and resin cement can be explained by the inadequate chemical interaction between 10-methacryloyloxydecyl dihydrogenphosphate (MDP) and the hydroxyl groups in the oxide layer of zirconia. Therefore, the importance of the sandblasting procedure is to increase the surface roughness which leads to the following: an increased micromechanical interlocking of the adhesive resin cement to zirconia and more available hydroxyl groups that can react to MDP [34] [35] [36] . The results agree with previous studies that reported self-adhesive resin cements present lower bond strength when applied to untreated zirconia surfaces 23, 26, [37] [38] [39] . The cement system chosen for the present study was MDP-containing Panavia F 2.0. It is well documented and has shown higher bond strength to oxide ceramics compared with other adhesive cements 19, 33, 40, 41) . Long-term water storage and/or thermocycling are frequently part of tests evaluating bond durability because they simulate the environment of the oral cavity and stress the interfaces between the bonded materials. However, there is still currently no consensus regarding the total number of thermocycles and storage duration 42, 43) . A recent systematic metaanalysis suggested that at least 5,000 thermocycles be applied until consensus is reached 20) . Gale and Darvell 43) estimated that 10,000 cycles are comparable to one year of clinical service. When comparing the negative effects of water storage and thermocycling, storage time was found to correlate more strongly with decreasing bond strength than the number of thermocycles 20, 35) . Therefore, 5,000 thermocycles and long-term aging, i.e., water storage for 150 days in conjunction with 37,500 thermocycles, was used in the present study to investigate whether there were any differences in effects on bond strength. The results of the present study indicated that the artificial aging procedures had no impact on the bond strength of the sandblasted surfaces. However, artificial aging procedures did influence the bond strength of the other types of surface treatment. This may entail that long-term aging may be considered unnecessary for future shear bond studies concerning sandblasted zirconia.
The results of the present study indicate that the failure modes were predominantly adhesive, irrespective of surface treatments. However, the untreated control groups represented a higher percentage of adhesive failure compared to the other surface treatments. This finding is in accordance with previous studies 26, 44) . In addition, there were adhesive failures only in the groups that underwent long-term aging, regardless of the type of surface treatment. Previous studies have shown similar results 22, 45) . It has been reported that cohesive failure mode is preferable to total adhesive failure mode, since cohesive failure mode is associated with higher bond strength than that of the material/materials 26, 46) . However, a limitation of the present study is the classification of the various failure types. It might have been more accurate had the examination included a scanning electron microscope analysis, revealing remnants that are undetectable with microscopy 47) . In the present study, the bond strength was evaluated by shear bond test as this method is more suitable for evaluating adhesive and restorative materials and has been more commonly applied 20) . The advantages of macro shear test are that it is easy to handle, repeatable, and requires minimal specimen preparations. However, shear bond test has been criticized for its reliability because of the development of non-homogeneous stress distribution in the bonded interface 20, 48) . The results obtained from in vitro studies cannot, therefore, be directly applied as clinical recommendations, as the oral environment is complex and difficult to simulate in laboratory settings 49) . Difficulties are identified when setting a clinically relevant standard for sufficient bond strength to tooth substance. According to previous studies, a shear bond strength value of 20 MPa is considered the minimum value to provide an adequate bond to enamel 50, 51) . The mean values regarding shear bond strength for the sandblasted groups were all above the proposed value. Another study that analyzed the bond strength between resin cement and tooth surfaces yielded similar findings. The results from that study presented the mean bond strength for Panavia F 2.0 to enamel at approximately 30 MPa and more than 20 MPa for dentin 52) . There is still uncertainty concerning clinically sufficient bond strength.
CONCLUSIONS
Within the limitations of this study, the following conclusions are drawn:
1. Sandblasting increased the shear bond strength and surface roughness of both conventional and translucent zirconia. No differences were found between different zirconia materials. 2. Evaluation of the bond strength after long-term artificial aging (water storage for 150 days in conjunction with 37,500 thermocycles) may not be necessary in future bond strength tests of sandblasted oxide ceramics. Artificial aging procedure with 5,000 thermocycles may be considered to be enough. 3. An MDP-based cement combined with sandblasted zirconia achieved a sufficient bond strength irrespective of artificial aging procedures. However, controlled clinical trials are necessary to confirm the long-term bond durability before clinical recommendations can be given.
